a b s t r a c t Current strategies to limit macrophage adhesion, fusion and fibrous capsule formation in the foreign body response have focused on modulating material surface properties. We hypothesize that topography close to biological scale, in the micron and nanometric range, provides a passive approach without bioactive agents to modulate macrophage behavior. In our study, topography-induced changes in macrophage behavior was examined using parallel gratings (250 nm-2 mm line width) imprinted on poly(e-caprolactone) (PCL), poly(lactic acid) (PLA) and poly(dimethyl siloxane) (PDMS). RAW 264.7 cell adhesion and elongation occurred maximally on 500 nm gratings compared to planar controls over 48 h. TNF-a and VEGF secretion levels by RAW 264.7 cells showed greatest sensitivity to topographical effects, with reduced levels observed on larger grating sizes at 48 h. In vivo studies at 21 days showed reduced macrophage adhesion density and degree of high cell fusion on 2 mm gratings compared to planar controls. It was concluded that topography affects macrophage behavior in the foreign body response on all polymer surfaces examined. Topography-induced changes, independent of surface chemistry, did not reveal distinctive patterns but do affect cell morphology and cytokine secretion in vitro, and cell adhesion in vivo particularly on larger size topography compared to planar controls.
Introduction
Monocyte and macrophage cells play a key role in mediating host tissue response to implants in the foreign body reaction [1] [2] [3] . This response is characterized by non-specific protein adsorption onto the implant surface, followed by monocyte attachment and differentiation into adherent macrophage cells on the surface. The activated macrophages secrete cytokines to recruit leukocytes and other cell types involved in the foreign body reaction, and further mediate inflammation and wound healing/remodeling around the site of implant. Within 2-4 weeks, unresolved inflammation, marked by macrophage fusion into large multi-nucleated foreign body giant cells (FBGCs) surround the implant in a fibrotic scar tissue. The FBGCs may release oxygen radicals, degradative enzymes and acid that contribute to implant degradation and eventual failure.
Current strategies to mediate the foreign body reaction focus on reducing protein adsorption, initial cell adhesion, inflammatory cytokine secretion and FBGC fusion. They assume two general approaches: (1) modulation of chemical and physical properties of the implant surface, and (2) incorporation of bioactive cues onto the material to mediate material-host tissue interaction. In the first approach, materials engineering designs include improving wearresistant property of polymeric and metallic implants [4] and modifying surface wettability, charge and crystallinity [5] [6] [7] . Surface chemistry [8] [9] [10] [11] , roughness [12, 13] , substrate stiffness [14, 15] , and geometry [16] have also been altered to study their effects on cell adhesion and responses associated with foreign body reaction. In the second approach, biomimetic ''smart'' materials with functional activity in the form of surface functionalization or polymer coatings that release or generate soluble small molecules have been used to mediate implant-host tissue response. For example, coatings that release or generate nitric oxide (NO) reduce thrombogenesis and inflammation [17] [18] [19] and hydroxyapatite coatings on titanium alloys improve osteointegration in orthopedic implants [20] . Chemokines, cytokines and soluble molecules such as IL-4, IL-13 and a-tocopherol can mediate FBGC formation in vitro [21] [22] [23] , including the expression of different b-integrin subunits temporally [24] , while surface-tethered or adsorbed vitronectin has been shown to be a key component in macrophage activation and FBGC formation [25] .
For simplicity and regulatory considerations, a passive approach of modifying the physicochemical properties without resorting to addition of bioactive agents would be preferred in an implant design. In addition to the physicochemical factors discussed above, topography is increasingly recognized as an important cue that influences cellular response [26] [27] [28] [29] . In vivo extracellular matrix (ECM) architecture shown in scanning electron micrographs of basement membranes and collagen fibers often reveal a topography of pores, ridges and fibrillar structures at the micron and nanometer scales [30, 31] . Recent studies show that macrophage activation and FBGC formation respond to differing polymer fiber diameter [32, 33] , surface roughness [34, 35] and geometry [36] . These findings highlight the possibility of using topography to mediate implant-tissue reaction, and stimulate the current study to systematically investigate the effects of topographical features on macrophage culture.
In this study, we examine the response of macrophage cells to nano-and microgratings composed of commonly used biomedical polymers in this study. Poly(e-caprolactone) (PCL), poly(lactic acid) (PLA) and poly(dimethyl siloxane) (PDMS) gratings with line width ranging from 250 nm to 2 mm were fabricated by reversal nanoimprint lithography and embossing technique. The in vitro early response of RAW 264.7 cells to these synthetic topographies with respect to adhesion, morphology and cytokine secretion was characterized. Samples of PCL gratings nanoimprinted on Mylar were evaluated in rats using the cage implant model to determine the effect of topography on foreign body reaction.
Materials and methods
All chemicals and polymers were purchased from Sigma-Aldrich (St. Louis, MO) and cell culture reagents were purchased from GibcoBRL (Grand Island, NY), unless otherwise specified.
Substrate fabrication and characterization
Reversal nanoimprint lithography (NIL) techniques previously developed [37, 38] were used to fabricate gratings of poly(lactic acid) (PLA, Mw 60,000) and poly(e-caprolactone) (PCL, Mw 65,000) with a line width ranging from 250 nm to 2 mm approximating the length scales of fibrillar structures observed in native ECM but with precisely defined anisotropic topographical cues (Fig. 1A) . Briefly, PCL and PLA polymer films are coated onto silicon molds and heated above the glass transition temperatures (T g ) to ''flow'' and acquire the topography of the molds. Then, plasma-treated glass and Mylar substrates are pressed against the polymer coated molds. The sandwich structures are then placed inside a NIL-4'' imprinter (Obducat, Sweden), and imprinting completed at 150 C and 4 MPa. The polymer films are allowed to cool below its T g before de-molding, with the desired topography transferred from the molds to the plasma-treated substrates with higher surface energy. Glass and Mylar substrates were selected for its optical properties in fluorescence imaging and as a model polymer used in implants, respectively. The gratings consist of constant spacing of 250 nm, 500 nm, and 2 mm apart (width:-height:period ¼ 1:1:2). NIL manipulates the T g and thermo-viscosity of polymers to transfer topographical relief from a rigid mold onto the polymer. It provides a great degree of flexibility in choice of polymeric materials, patterns and imprinting process parameters to obtain topographical patterns of great fidelity ranging from the micron to nanometric scale [39, 40] . Controls were fabricated by embossing PCL (heated to 62 C) on silicon wafers and allowed to cool to room temperature, resulting in planar PCL controls with surface roughness of less than 4 Å.
To isolate 3-dimensional effects of topographical depth (compared to NIL substrates with a range of 250 nm-2 mm depth), we adapted a hybrid technique of soft lithography, stitching and embossing to imprint parallel lines onto poly(dimethyl siloxane) (PDMS) (Sylgard Ò 184, Dow Corning, 10:1 pre-polymer:-curing agent) (Fig. 1B) . Briefly, the hybrid technique serially transferred patterns from a primary silicon mold (5 Â 5 mm 2 ) to secondary PDMS replicas using traditional soft lithography. The secondary PDMS replicas were stitched into a larger secondary mold, and embossed onto a tertiary polystyrene-coated silicon wafer (at least 35 Â 35 mm 2 ). The tertiary mold was used to fabricate PDMS replicas of grating widths 300 nm, 500 nm and 1 mm spaced equally apart (width:period ¼ 1:2) and constant height (350 nm). Planar PDMS controls were fabricated by heat curing on planar silicon wafers for a smooth surface (width ¼ 0 nm). The pattern transfer fidelity from mold to replica was examined using scanning electron microscopy (SEM) (FEI XL30 SEM-FEG) and atomic force microscopy (AFM) (Veeco Dimension 3100). Samples were coated with a 10 nm layer of gold film (Denton Desk IV vacuum sputter coater) to improve sample conductivity for SEM imaging. Topography dimensions were measured using AFM tapping mode ( Fig. 1 . Topographical substrate fabrication process. Schematics of (A) the nanoimprint lithography fabrication process, and (B) the hybrid fabrication technique combining soft lithography, stitching and embossing. PCL and PLA gratings were fabricated using the NIL technique, and PDMS gratings were fabricated using the hybrid technique. Fig. 2 . Substrate characterization. SEM micrographs of substrates fabricated using NIL technique: (A) 2 mm PCL gratings, and (B) 2 mm PLA gratings on treated glass. AFM characterization of (C) a 5 Â 5 mm 2 scan area on a 500 nm PCL sample imprinted on Mylar showed (D) dimensions of 500 nm width (w), 500 nm height (h) and 1 mm period (p).
SEM micrographs of constant height PDMS gratings showed that the hybrid technique was successful in transferring patterns from rigid mold to PDMS replicas with high fidelity:
(E) 1 mm grating width, (F) 500 nm gratings width, (G) 300 nm gratings width, and (H) planar controls. Scale bar ¼ 10 mm (A-B), and 2 mm (E-H).
(O) of the width, period or height to the expected value (E), provides a measurement of the deviation of fabricated topography from the ideal (i.e. ideal O/E ¼ 1.00).
Cell culture and immunohistochemistry staining
Adherent murine macrophage cell line, RAW 264.7 (ATCC, Manassas, VA), was grown in Dulbecco's Modified Eagle's Medium (DMEM) cell culture media supplemented with 10% fetal bovine serum, penicillin (100 mg/mL) and streptomycin (100 mg/mL). Immediately prior to use, PCL and PLA grating samples (5 Â 5 mm 2 ) were sterilized in 10% penicillin-streptomycin (diluted in phosphate buffer saline, PBS, pH 7.4) for 1 h, and rinsed twice in PBS before cell seeding. PDMS grating samples were cut into 21 mm diameter discs and sterilized with 70% ethanol in place of 10% penicillin-streptomycin. Cells were seeded onto sterile samples at 2 Â 10 4 cells/cm 2 in 2 mL fresh culture media in 12-well TCPS plates. Triplicates (n ¼ 3) of each grating size were used for each time point. The plates were maintained in an incubator at 37 C temperature, 5% CO 2 : 95% humidified air for 6 h, 24 h and 48 h to study cell adhesion, morphology changes and cytokine secretion in response to topographical cues. Supernatant collected was centrifuged to remove cell debris and stored at À80 C until assayed for cytokine concentration.
At each time point, adherent cells on the gratings were fixed in 4% paraformaldehyde for 10 min in preparation for fluorescence microscopy imaging. Cells were permeabilized in 0.02% Triton-Â for 20 min, followed by staining with Phalloidin Oregon-Green 488 and DAPI (Molecular Probes) for F-actin and cell nuclei, respectively, for 30 min. Each step was preceded and followed by a brief PBS rinse. Samples were mounted onto glass cover slips with Gel/Mount (Biomeda) before imaging. Similarly, samples were prepared for optical microscopy imaging by ice-cold methanol fixation for 5 min, then allowed to air dry, followed by MayGrü nwald Giemsa staining. Stained samples were allowed to further air-dry before digital imaging (ImagePro, Media Cybernetics) with a fluorescence and light microscope (Nikon TE2000U). 8-10 images of separate random regions (20Â and 40Â magnification) were taken per sample. Morphology measurements were made from at least 150 cells in each triplicate sample (n ¼ 3) per grating size. The R-ratio, a measure of elongation morphology change, was determined as the ratio of length of major axis:length of minor axis of a cell. A perfectly round cell has an elongation factor of R ¼ 1. Elongated cells were defined as having R ! 2.5 and angled within 30 of the gratings. Image analysis was performed using ImageJ (NIH, Bethesda, MD) and ImagePro (Media Cybernetics).
SEM was used to examine cell interaction with its underlying topography. Adherent cells on gratings were prepared for SEM imaging using standard protocol of fixation and serial dehydration in ethanol and hexamethyldisilazane (HMDS). All samples were allowed to vacuum-dry overnight before sputter coating (Denton Desk IV) of a 10 nm gold layer.
Cytokine secretion profile immunoassays
The cytokine secretion profile of RAW 264.7 in response to topography was examined on a Bio-Plex array system reader (Bio-Rad) using a multiplex suspension bead immunoassay kit (Millipore) for 8 cytokines: TNF-a, IL-1b, MIP-1a, MCP-1, VEGF, IL-6, IL-10 and IL-12. Briefly, supernatant was incubated with antibodycoupled beads overnight at 4 C, followed by incubation of cytokine-bound beads with secondary antibody for 1 h. Phycoerythrin dye was bound to the beads via biotin-streptavidin binding for 30 min. All incubation steps were performed on a plate shaker at room temperature unless specified otherwise. Cytokine concentrations (pg/mL) in triplicates were measured from the mean fluorescence intensity readings and compared against 4-and 5-parameter logistic (4PL and 5PL) standard curves generated from readings of known concentration of cytokine standards provided in the kit. The Bio-Plex reader was calibrated and validated prior to every reading, strictly following the manufacturer's instructions.
In vivo cage implant system
PCL gratings imprinted on Mylar with line widths 2 mm and 500 nm were cut into 1.5 cm Â 0.8 cm rectangular samples and prepared for subcutaneous implantation in the back of 12-week-old female Sprague-Dawley rats (Charles River, MA) using protocols as previously described [41] [42] [43] . Briefly, the samples were sterilized in 70% ethanol and ethylene oxide, then placed inside cylindrical surgical-grade stainless steel wire mesh cages (3.5 cm length Â 1.0 cm diameter). Cages containing one of each PCL/Mylar gratings (2 mm and 500 nm) were implanted on the lateral sides on the back of an animal, using 3-5 animals for each grating size per time point. All protocols were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University.
On days 7 and 21 post-implantation, the cage implants were explanted using previously described protocol [43] . Retrieved implants were stained with MayGrü nwald Giemsa to evaluate adherent cell density and cellular fusion. Cellular adhesion was determined by the total number of nuclei in adherent cells including those in uni-and multi-nucleated cells in 8-10 fields-of-view of separate random regions (20Â and 40Â magnification) per sample. Cellular fusion was categorically estimated as the percentage of fusion in each field at 0%, <10%, 25%. 50%, 75%, >90% and 100%. A total of 24-72 fields were examined on 3-5 samples, and cellular fusion was presented as the percent of fields with the corresponding categorical percent fusion values. Cellular orientation to grating direction was similarly analyzed via optical microscopy and SEM. To examine cell-gratings interaction, the samples previously stained with May-Grü nwald Giemsa were gently washed with distilled water to remove residual salt crystals, allowed to air dry, then sputter-coated with a 10 nm gold layer (Denton Desk IV) in preparation for SEM imaging.
Statistical analysis
Results are presented as mean AE standard error of the mean. Statistical analysis was performed using Student's t-test or ANOVA followed by Tukey's post-hoc test, as appropriate. A level of p < 0.05 (two-tailed) was considered statistically significant.
Results

Substrate fabrication and characterization
NIL was successfully applied to fabricate various patterns on glass and Mylar. Fig. 2A and B show respectively the characteristic SEM of 2 mm PCL gratings and 2 mm PLA gratings imprinted on treated glass with a residual layer. A sample with a residual layer has gratings with ridges and troughs of the same polymeric material. Conversely, a residual layer-free sample created with further etching, would have ridges made of polymeric materials (PCL or PLA) but troughs made of substrate materials (glass or Mylar).
AFM characterization of the substrates measured its topography, as shown in a representative 3-dimensional projection of a 5 Â 5 mm 2 AFM scan of a 500 nm PCL gratings imprinted on Mylar sample (Fig. 2C) . A cross-section of the 3-dimensional projection shows the gratings topography in terms of width (w), period (p) and height (h) (Fig. 2D) . Table 1 summarizes topography dimensions measured from AFM scans. A comparison of the observed values (O) to the expected value (E) of the topographical gratings showed fidelity to be within 8% of expected feature size (O/E value of 1.08). The only discrepancy in pattern transfer fidelity occurred with respect to the height of 250 nm substrates, which has an O/E value of 0.46. This discrepancy was attributed to the sensitivity limit of the AFM readings because the AFM tip was larger than the spacing between the gratings (250 nm apart), and could not measure the actual trough of 250 nm samples, hence providing a lower height (h) value.
Similarly, the hybrid technique was successful in fabricating PDMS replicas with gratings of varying widths (1 mm, 500 nm and 300 nm) at constant height (350 nm) ( Fig. 2E-H) . 
Cell adhesion and morphology changes on NIL gratings
RAW 264.7 was cultured on 3 different types of polymers, PCL, PLA and PDMS gratings, to examine macrophage response to topography independent of surface chemistry. Cells elongated on the PDMS topographical gratings (Fig. 3A) compared to its native round shape on planar PDMS controls after 48 h culture (Fig. 3B) . This phenomenon was distinctively observed at the border of imprinted surfaces and its planar underlying substrates (Fig. 3C) .
Only on the 2 mm PLA gratings did the cells clearly elongate in the direction of gratings (left portion), as illustrated by the immunostained F-actin (green) and nuclei (blue) of the cells. In contrast, cells retained their native round morphology on the planar surface (right portion), separated by the distinct border (dotted white line). The underlying PLA topography and its border may be clearly seen in a phase contrast image of the 2 mm PLA gratings imprinted on glass (Fig. 3 D) , along with adherent RAW 264.7 cells. Similarly, macrophages elongated in the direction of gratings on three different widths of PCL gratings imprinted on glass: 2 mm (Fig. 3E ), 500 nm (Fig. 3F) , and 250 nm (Fig. 3G) . In contrast, cells retained their native round shape on planar controls of glass (Fig. 3H) , planar PCL film (Fig. 3I ) and tissue culture polystyrene (TCPS, Fig. 3J ).
Analyzing the morphological changes in RAW 264.7 due to topography in greater detail, the average elongation ratio, R-ratio ¼ length of major axis/length of minor axis, was measured for adherent cells on PCL gratings imprinted on Mylar (Fig. 4 A) . Micro-and nanotopography significantly increased the average R-ratio of adherent macrophage on all surfaces compared to planar controls (*p < 0.05), particularly on 500 nm gratings (**p < 0.01). The average R-ratio of macrophages on planar control was 1.78, but increased to 2.18 on 250 nm gratings and 2.53 on 500 nm gratings, and then decreased slightly to 2.24 on 2 mm gratings. The observed increase in R-ratio correlated with an increase in sub-population of cells attaining the elongated morphology, defined as having R ! 2.5 and aligned within 30 of the parallel gratings (Fig. 4B) . The fraction of elongated cells increased from 0.10 on planar controls to 0.17 (66% increase), 0.23 (123% increase) and 0.20 (85% increase) on 250 nm, 500 nm and 2 mm gratings, respectively. While the fraction of elongated cells on each topography was small (less than 25% of total cell population), statistical significance was observed on 250 nm and 2 mm PCL gratings compared to planar control (*p < 0.05), and on 500 nm gratings (**p < 0.01). The average R-ratio of adherent cells on PCL gratings imprinted on glass was comparable to that of PCL gratings on Mylar, except for 250 nm gratings ( # p < 0.01) (Fig. 4C) . The average R-ratios of cells on planar PCL (0 nm) imprinted on glass and on Mylar were significantly different ( # p < 0.01), and marginally higher than that on planar TCPS and glass controls.
RAW 246.7 response on constant height topography
Compared to other cell types that have an increased R-ratio with decreased topographical size, the trend diverged in macrophage cells. We further investigated the topography-mediated changes in cell morphology by isolating the 3-dimensional effects with PDMS gratings varying in width but constant in pattern depth (350 nm). Cells were seeded on planar PDMS controls (Fig. 5A1-A3 ), 300 nm gratings ( Fig. 5B1-B3 ), 500 nm gratings (Fig. 5C1-C3) , and 1 mm gratings (Fig. 5D1-D3 ). Topography-induced changes in cell adhesion, spreading and elongation were examined at 6 h (Fig. 5A1, B1 , C1, D1), 24 h (Fig. 5A2, B2 , C2, D2,) and 48 h (Fig. 5A3, B3, C3, D3 ). Adherent cells on PDMS gratings elongated along the parallel axis of gratings compared to planar controls.
Morphometric analysis of RAW 264.7 response to topography showed that cell adhesion density on 6 h samples was low (around 1 Â 100 cells/mm 2 ) and did not increase above the cell seeding density (at 2 Â 100 cells/mm 2 ) until between 24 h and 48 h (Fig. 5E ), when proliferation occurred. However, cell adhesion density was comparable across all grating widths at each time point. Cell spreading of adherent macrophage was comparable across all grating sizes at 6 h and 24 h, but increased significantly on 500 nm and 1 mm gratings compared to planar PDMS control (Fig. 5F ).
Similar to macrophage adhesion and elongation on PCL gratings, the majority of adherent cells retained their native round shape (Fig. 5G ) while elongated cells formed a small fraction, less than 15%, of total cells (Fig. 5F ). The low average R-ratio of all adherent cells (R < 2, Fig. 5I ) was due to the round cells predominating in the sub-population (1.2 < R < 1.6, Fig. 5I, inset) . However, the elongated cells had a higher R-ratio (R > 3, Fig. 5J ). The effect of topography on fractional distribution of elongated cells and average R-ratio was not statistically significant. It was noted that cell elongation generally increased the average cell area compared to its native round shape on each topographical pattern ( Supplementary Fig. 1 ).
Cytokine secretion profile
The cytokine secretion profile of RAW 264.7 cells cultured on PDMS samples was measured at 6 h, 24 h and 48 h using multiplex immunoassays. The cytokines examined were categorized into pro-/anti-inflammation, and pro-/anti-wound healing according to their respective roles in the foreign body response [9, 10] . TNFa (tumor necrosis factor-a), MIP-1a (macrophage inflammatory protein-1a), MCP-1 (monocyte chemoattractant protein-1) and Statistical analysis with student's t-test or one-way ANOVA comparison followed by Tukey's post-hoc test was used where needed. Statistical significance was noted at *p < 0.05 and **p < 0.01. VEGF (vascular endothelial growth factor) cytokines were detected in the supernatant. To account for variation in cell density among the grating sizes, cytokine production was normalized to its respective cell number (Fig. 6) . Supplementary Figs. 2 and 3 show the corresponding total cytokine production levels and relative expression of topography-induced cytokine secretion normalized to planar PDMS (0 nm), respectively. During the initial stages of cell adhesion and morphology change RAW 264.7 secreted proinflammatory/anti-wound healing cytokines TNF-a, MIP-1a and MCP-1. The temporal secretion of TNF-a, MIP-1a and MCP-1 (pg/mL per 1000 cells) generally increased from 6 h to 24 h, then decreased slightly at 48 h (Fig. 6A-C) . In contrast, VEGF was low at 6 h-24 h (<0.5 pg/mL per 1000 cells, Fig. 6D ), but increased at 48 h. Between 24 h and 48 h, the levels of pro-inflammatory cytokines TNF-a, MIP-1a and MCP-1 were maintained or reduced, while VEGF, a proinflammation/pro-wound healing cytokine, increased. Together, these results suggest a transition from a pro-inflammatory cytokine profile (TNF-a, MIP-1a, MCP-1) at 6 h and 24 h towards a prowound healing cytokine profile (VEGF) at 48 h. A more detailed analysis of using ANOVA and Tukey's post-hoc test showed statistical significance in topography-induced TNFa secretion (Fig. 6A ) at 6 h, particularly on 1 mm gratings compared to planar and 500 nm samples (*p < 0.05). At 24 h, increasing grating width increased TNF-a secretion (*p < 0.001), but the trend was reversed at 48 h (*p < 0.05), with statistical significance noted for 1 mm gratings compared to 300 nm gratings. The topographical effect on MIP-1a secretion was difficult to discern (Fig. 6B) but significance was observed at 6 h for 300 nm samples compared to planar control (*p < 0.05), at 24 h for 1 mm gratings compared to 300 nm and 500 nm samples (*p < 0.01), and at 48 h for 300 nm, 500 nm and 1 mm gratings compared to planar samples (*p < 0.05).
Width (nm)
Similarly, the MCP-1 secretion profile shared the same trend as TNF-a secretion (Fig. 6C) . Topography-induced MCP-1 secretion was most significant at 24 h (*p < 0.001) with increasing MCP-1 levels on increasing grating sizes: planar (*p < 0.01), 300 nm (*p < 0.05) and 500 nm (*p < 0.05) compared to 1 mm gratings, but was difficult to discern at 48 h. VEGF cytokine secretion (Fig. 6D ) responded significantly to topography at 6 h (*p < 0.05), 24 h (*p < 0.05), and 48 h (*p < 0.005). In particular at 48 h, increasing grating width caused a significant decrease in VEGF levels, with the greatest decrease measured on 1 mm gratings compared to other topographical samples: planar (*p < 0.01), 300 nm gratings (*p < 0.01) and 500 nm gratings (*p < 0.05).
Patterns in topography-induced cytokine secretion were difficult to discern but greater statistical significance was observed for 24 h and 48 h readings. The pro-inflammatory and pro-wound nm gratings (Column B), 500 nm gratings (Column D), and 1 mm gratings. Across all gratings size, cell adhesion was observed on 6 h samples (A1-D1), while cell elongation in the direction of gratings was observed at 24 h (A2-D2), and 48 h (A3-D3). Morphometric analysis of adherent cells on PDMS topography showed (E) no statistical difference in cell adhesion density due to topography at 6 h, 24 h and 48 h. (F) Cell spreading area was comparable at 6 h and 24 h, but was considered significant on 500 nm (p < 0.05) and 1 mm gratings (p < 0.05) compared to planar control at 48 h (G) A major fraction of total adherent cells (>85%) retain its native round shape, while (H) a small fraction of cells (<15%) acquired an elongated morphology of R ! 2.5, with comparable levels across each pattern. (I) The average R-ratio of adherent cells (R-ratio ¼ 1 to 2) was similarly comparable to that of round cells (I, inset). In contrast, (J) the R-ratio of elongated cells on each topographical pattern was higher (R-ratio ¼ 3 to 4) but was not considered statistically significant. Data is reported as mean AE standard error of the mean (sample size, n ¼ 3). ANOVA/Tukey's post-hoc statistical test was used to examine data, and significance was determined at *p < 0.05. Scale bar ¼ 20 mm, May-Grü nwald Giemsa stain, direction of gratings ¼ vertical (B1-D3).
healing cytokine IL-1b, and the anti-inflammatory and pro-wound healing cytokines IL-6, IL-10, and IL-12 were not detected in the supernatant (detection limit: 3.2 pg/mL).
In vivo characterization in the rat cage implant system
The in vitro results of RAW 264.7 cells prompted us to investigate the corresponding in vivo macrophage response to topography. Samples of 2 mm and 500 nm PCL gratings imprinted on Mylar (PCL/Mylar) were subcutaneously implanted into rats using the cage implant model, an established system for studying host tissue-implant response [44] . At Days 7 and 21, the implants were retrieved to examine macrophage attachment and FBGC fusion on the different gratings (Fig. 7A-F) . As the subcutaneous cage implant system allows for cellular adhesion on both surfaces of the samples, the reverse side of the sample was used as a planar Mylar control (0 nm). Macrophage adhesion and foreign body giant cell (FBGC) fusion were present on all grating samples at Day 7 (Fig. 7A, C, E) and Day 21 (Fig. 7B, D, F) . Cells became thinly spread and flattened on the PCL gratings. Cellular adhesion was determined based on the total number of nuclei in adherent cells, including macrophages and FBGCs. The density of adherent macrophage nuclei generally decreased from Days 7-21 ( Fig. 7G) with comparable nuclei density observed on all grating samples, except for increased cell density on 2 mm gratings compared to planar control at Day 21 (*p < 0.05). Due to the highly spread morphology of the stained adherent cells, it was difficult to distinguish FBGC borders from background staining. Instead of counting the fraction of nuclei contained within FBGCs, we estimated the percentage of fusion in each field-of-view categorically at 0%, <10%, 25%. 50%, 75%, >90% or 100%. A total of 24-72 fields-of-view were examined on 3-5 samples per grating size, and the percentage of fusion was presented as the percentage of fields-of-view with the corresponding categorical percentage fusion values. The extent of cell fusion was defined as low (<10%), medium (25%-75%), or high fusion (>90%), summarized in Table 2 . At Day 7, fusion was minimal on all surfaces with 58-74% of fields having low (<10%) or no fusion (0%), and only 0-5% of fields with high fusion (>90%). At Day 21, fusion increased on all surfaces. Approximately 25-55% of fields on surfaces registered high levels of fusion (>90%) while only 28-37% of fields supported low fusion (<10%). Topography-induced cellular fusion showed that low fusion decreased with increasing grating sizes at Day 7, but the trend reversed at Day 21 (Fig. 7 H) . In contrast, high fusion was not prevalent at Day 7 but showed a decreasing trend with larger grating sizes.
No distinct patterns of cell elongation and alignment to the topographical substrates were observed at Days 7 or 21. While most adherent cells and FBGCs displayed a thinly spread morphology on the PCL/Mylar surfaces, some cells displayed elongated morphologies and the extension of pseudopodia in the direction of gratings, confirmed by SEM imaging (Supplementary Fig. 4 ). Cell elongation and pseudopodia presence indicated cellular migration across the surfaces.
Discussion
The nanoimprint lithography (NIL) fabrication technique allowed the introduction of PCL and PLA with topographical relief onto glass (optical clarity for microscopy) or Mylar (model implant biomaterial) substrates. Cellular studies were conducted on PCL and PLA topography with a residual layer to create a uniform surface chemistry between the ridges and troughs of the gratings. However, the contractile forces of adherent RAW 264.7 caused the polymer topography to delaminate over 24 h-48 h. This necessitated the development of the stitching and embossing techniques to fabricate PDMS replicas that were inert, could withstand cell contractile forces, optically clear and with sufficiently large cell growth area for cellular studies.
Adhesion, elongation and alignment of RAW 264.7 to its underlying topography was clearly observed on PCL and PLA gratings (width:height:period ¼ 1:1:2) and on PDMS substrates of constant height (width:period ¼ 1:2, height ¼ 350 nm), independent of surface chemistry. The lack of distinctive trends in cell . ANOVA/Tukey's post-hoc statistical test was used to examine data, and significance was determined at *p < 0.05, #p < 0.01, **p < 0.005. morphology and orientation changes of both RAW 264.7 and in vivo macrophage cells to the topography differed from our previous studies involving other cell types, such as mesenchymal stem cells [26] and smooth muscle cells [45] , that showed over 80% cell elongation and alignment. Macrophage cells studies in our system showed that elongation increased with decreasing topography, but only to a limit of 500 nm before the trend diverged. Macrophage cells appeared to be relatively insensitive to nanotopography (less than 500 nm), preferring to respond to 500 nm, 1 mm and 2 mm gratings. The phenomenon appears to mirror that of phagocytosis, where macrophages preferentially internalize particulates in the micron range over the nanometric range, with peak phagocytosis observed with particles of approximately 2 mm in diameter [46] [47] [48] .
The intrinsic properties of membrane ruffles in macrophages have been postulated to contribute to size sensitivity during the attachment step of phagocytosis of such particles [49] . Contractile forces exerted by macrophage cells during cell spreading, elongation and migration delaminated PCL nanogratings from its treated substrates and also distorted 1 mm PDMS gratings in our studies (Fig. 5) . While the infinitely long parallel gratings, compared to a cell dimension, provide a non-phagocytosable surface, the limit of macrophage sensitivity to nanotopographical cues could be compared to a surface area dependence on pro-inflammation response, analogous to surface area dependence of nanoparticles in determining inflammatory response [50, 51] , and the influence of particle shape and size on internalization kinetics [52] .
By measuring the functional response of macrophages in terms of its cytokine secretion profile, our results show that macrophages do respond to topographical cues in the early 6-48 h inflammation stage. TNF-a secretion has been implicated in inducing apoptosis of adherent macrophage on biomaterials [53] , while MIP-1a is involved in chemotaxis and recruitment of monocytes and leukocytes during the inflammatory response. The MIP-1a secretion profile agreed with initial inflammation observed, followed by a transition towards pro-wound healing activity. MCP-1 (macrophage chemoattractant protein-1), a chemokine that recruits macrophage and promotes migration, also stimulates murine FBGC fusion in vivo [54] . VEGF promotes blood vessel dilation and angiogenesis in the event of inflammation to promote wound healing in damaged tissue. Reduction of pro-inflammatory (TNF-a) and pro-wound healing (VEGF) cytokine levels on 1 mm gratings compared to planar and nanogratings suggest that inflammationrelated processes may be reduced on 1 mm topography compared to nanogratings and planar controls.
We observed that topography affected in vivo macrophage functional response in terms of adherent cell density particularly on 2 mm PCL gratings compared to planar controls. In the long term response (21 days), high cellular fusion (>90%) was reduced as grating sizes increased: represented as high fusion on planar > 500 nm > 2 mm (Fig. 7G) . The larger topographical cues (2 mm gratings) could be presenting a physical interruption or constraint to the fibrous scar tissue formation process, reducing cell adhesion density and limiting FBGC fusion on larger gratings compared to planar controls. Sanders capsule formation around smaller microfibers (1-5 mm diameter) compared to larger ones (6-10 mm diameter) for a variety of polymers [55] , attributing these results to polymer surface curvature or cell-substrate contact area that minimally activates macrophages and its inflammatory response. Our results suggest that larger size topography (500 nm-2 mm) limits macrophage activation and inflammation-related processes but topography-induced sensitivity reaches a limit around 500 nm. Smaller topography (250-300 nm) and planar controls may share the same adhesion and motility kinetics that result in the conventional macrophage adhesion, spreading and fusion observed during foreign body response. Although the intrinsic dynamic and plastic roles of the macrophage cell system may mask or cause an averaging of topography-induced response both in vitro and in vivo, the heterogeneity of cell morphologies observed (elongated and round cells) reflect the diverse plasticity of macrophage cells that define its myriad of phenotypes [56] . Macrophage desensitization to nanotopographical cues below 500 nm could be an advantage in motility and movement into different tissue types. Macrophages differentiate from non-adherent monocytic precursors that move throughout the vascular system into adherent macrophages that migrate into different organs and tissue, with specific functional roles that differ widely such as MHC (major histocompatibility complex) presentation in the innate immune response, phagocytosis, osteoclast fusion and bone resorption, and wound healing [57, 58] . The consistent cellular response to three different types of polymers (PCL, PLA and PDMS) in our studies confirm that topography dictates changes in macrophage behavior, independent of surface chemistry. Topography-induced changes using our model surfaces could be examined at a greater number of time points and over a longer period of study to elucidate the complex cross-talk between cells and cytokines that varies temporally and spatially throughout the inflammation and wound healing process. Cellular changes observed in our studies focused on macrophages cultured on micro-and nanopatterns of fixed width parallel lines. The use of additional patterns and geometry in future studies, such as fixed width gratings of varying depths, pillars, pits or islands, would enhance our understanding of macrophage response to topography. Topography-induced change in macrophage behavior provides an opportunity to influence its phenotypic response such as cell activation, motility, maturation and fusion in the foreign body response without the addition of bioactive cues. Cellular responses to topography are known to affect cell function in terms of adhesion strength, spreading, intracellular signaling and differentiation potential [59] [60] [61] . This has been observed in various cell types including, but not limited to, mesenchymal stem cells [62] [63] [64] , endothelial cells [65, 66] , fibroblasts [67, 68] and epithelial cells [69] [70] [71] . By improving our understanding of topographical effects on macrophage behavior, we may design biocompatible materials with optimal topographical cues that could mediate macrophage behavior in the foreign body reaction favorably.
Conclusions
This study suggests that topography may modulate the phenotypes of macrophages in the context of foreign body reaction. Although the response to topography in the form of gratings from micro-to submicron scale has not revealed a distinctive pattern, topography indeed affects cell morphology, cytokine secretion in vitro, and cell adhesion in vivo particularly for larger size patterns compared to planar controls. The changes in cell morphology are observed in three different types of polymers, indicating that the findings in this study are topography-mediated. The weak correlation between topographical features and macrophage response may be a reflection of the intrinsically dynamic, heterogeneous, and complex nature of the macrophage cell system, which might mask the relationship due to our limited time point investigation and ensemble analysis. The role of topography in modulating implanttissue reaction would require further elucidation; this study suggests that it is a fruitful direction that might impact biomaterials design.
